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PROCESSES FOR NANOMACHINING USING
CARBON NANOTUBES

Nanotubes, Which are carbon structures With diameters
varying from 2 nm to 100 nm and lengths up to several

This application claims the bene?t of US. Provisional
Patent Application Ser. No. 60/332,088, ?led Nov. 21, 2001.

their unique physical properties for nano-machining via

TECHNICAL FIELD

nanotubes as a source of energy With nanoscale resolution

microns, are used for shape generation and machining due to
electrical discharges or electron emission. The present
invention employs electron beams emitted from carbon

and manufactures patterns by either using a predetermined

The present invention relates generally to neW manufac

turing processes for machining (i.e. removing material) at
the nano-scale. The invention speci?cally relates to methods
and devices for machining a Workpiece at the nanoscale
level using carbon nanotubes as the machining tool.

pattern of nanotubes, or by relative motion betWeen the
10

Workpiece and nanotubes.
The natural siZe of nanotubes and the inherent precision
in their fabrication processes enable the manufacture of

nano-scale tools for both serial and parallel nano-machining.
BACKGROUND OF THE INVENTION

Conventional machining and micro/nano fabrication pro

For serial nano-machining, a single nanotube may be groWn
15

substrate. The methods and devices of the present invention

material from a Workpiece. For instance, traditional cutting

enable nano-machining by improving resolution and reduc

With a lathe transfers energy from a tool to a Workpiece

through the cutting edge of the tool and focused ion beam
machining transfers energy to a Workpiece With a narroW

beam of ions that strike the Workpiece’s surface. To achieve
nanoscale machining, Which is the removal of material near
the atomic scale (1 nm—100 nm), energy must be concen
trated spatially With nearly atomic resolution and also suf
?cient to break bonds in crystal lattices. If the energy is too
excessive, then nearby atoms Will also be effected and
nanoscale resolution cannot be attained. Therefore, to
achieve nanoscale machining, energy should be Within spe
ci?c limits and spatially controlled to attain patterns.
Current micromachining processes can be categoriZed as

on an electrode. For parallel nano-machining, a 2D pattern
of nanotubes may be groWn on a conductive electrode

cesses transfer energy into small spatial regions to remove

20

ing minimum machined feature siZes by tWo to three orders
of magnitude in comparison to conventional micro- and

nano-machining technologies.
SUMMARY OF THE INVENTION
25

In accordance With the purposes of the present invention
as described herein, in one aspect the present invention
provides a method for machining a nanometer-scale pattern
on a surface of an electrically conductive Workpiece, com

30

prising the steps of placing a nanotool in substantial proX
imity to the conductive Workpiece surface, creating an
electrical potential difference betWeen the nanotool and the

either parallel techniques, Which simultaneously remove

Workpiece surface to cause an electron beam to emit from

material from a Workpiece at many locations, or serial
techniques, Which sequentially remove material from a

resulting in evaporation of nanoscale quantities of material

single location. Common parallel techniques include surface
micromachining, bulk micromachining, and laser microma
chining. Common serial techniques include mechanical

the nanotool and strike the conductive Workpiece surface,
35

cutting, micro electro discharge machining (EDM), electron
beam machining, ion beam machining, and laser beam
machining. Parallel techniques are Well suited to economi

cally fabricating parts With 2-D geometry in batches. Serial

40

techniques are more suitable for compleX 3-D

micromachining, but cannot be used for fabricating batches
of parts.

Both parallel and serial micromachining techniques

45

from the Workpiece surface, and applying a vacuum to
remove evaporated material from the Workpiece surface.
The electric ?eld potential established to cause the electron
beam to emit from the nanotool Will typically be at least 1
V/pm. The nanotool may comprise at least one nanotube
supported on an electrically conductive base. The method of

the present invention may include the further step of eXciting
the Workpiece to a threshold energy prior to contacting the
Workpiece With the electron beam to evaporate material
therefrom.
In one embodiment of the method of the present
invention, the Workpiece or the nanotool may be moved

require a shape-generation mechanism. In parallel
techniques, the shape-generating mechanism is usually a
mask used during lithography. In e-beam, ion-beam, and
laser micromachining, the shape-generating mechanism is
the column and tip of the energy beam. In micro EDM, the
electrode is the shape-generating mechanism. The physical
processes that produce the shape-generating mechanism

piece in accordance With a predetermined pattern. The
nanotool may comprise a single nanotube supported by an
electrically conductive base, or may comprise a plurality of
substantially aligned nanotubes supported on the base. The

limit the resolution and siZe of the geometry that can be
machined. Most micromachining processes are limited to

be appreciated that for some applications this feature obvi

feature siZes and resolution eXceeding 1 pm. For instance,

relative to one another to remove material from the Work

plurality of nanotubes may be con?ned to one or more

patterned regions of the electrically conductive base. It Will
55

ates the need to move either Workpiece or nanotool relative

electrodes for micro EDM are commonly manufactured

to one another to machine the corresponding pattern into the

using Wire electro discharge grinding (WEDG). WEDG can

Workpiece.

produce cylindrical electrodes With diameters doWn to about
5 pm. Consequently, the minimum feature-siZe producible
With micro EDM is also on the order of 5 pm.
Because of the limits in current micro- and nano
machining processes, there is a need in the art for an entirely

Nanotubes suitable for the present invention include car
60

electron beam in response to an electrical ?eld may be used,
such as tungsten, nickel, and the like. The nanotubes of the
present invention may be single-Walled or multi-Walled
nanotubes, and typically have a diameter of from about 1 to

neW approach for nano-machining desired Workpieces. The
present invention relates to a nanotool With nanostructures

less than 100 nm in siZe, and to methods of using the

bon nanotubes. HoWever, it Will be appreciated that any
substance capable of forming a nanotube for emitting an

65

about 100 nanometers.

nanotool to remove material from a Workpiece in desired

The nanotool conductive base may be fabricated from any

tWo-dimensional (2D) and three-dimensional (3D) patterns.

suitably electrically conductive metal or polymer, including

US 6,660,959 B2
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but not limited to materials selected from the group con

least a portion of the Workpiece surface by localiZed heating,

sisting of silicon nitride, titanium nitride, tungsten carbide,
tantalum nitride, porous silicon, nickel, cobalt, gold,
aluminum, polycrystalline diamond, and any combination

by radiative heating, by conductive heating, by resistive

thereof.
The conductive Workpiece may be fabricated from any
suitably conductive metal or polymer, and may be selected
from materials including, but not limited to, the group

conductive Workpiece. The second support may be a nan
opositioning stage for translation of the nanotool in nanom
eter increments. It Will be appreciated that these features

consisting of aluminum, copper, silver, gold,

relative to one another.

polymethylmethacrylate, and any combination thereof. The

heating, or by any combination thereof.
The ?rst support may be a leveling support for holding the

alloW precise movement of the Workpiece and nanotool
10

As described above, the localiZed heater may be a laser

Workpiece may be deposited as a thin ?lm on a substrate,

emitting a light beam having a Wavelength of from about 0.3

With the thin ?lm having a depth of up to 5 microns. The
Workpiece substrate may be fabricated from any material
Which is substantially transparent to a laser beam. It Will be

pm to about 0.7 pm, and targeted to heat at least a portion
of the Workpiece surface. In cases When it is desirable to

position the laser externally of the vessel of the present

appreciated that this feature alloWs use of a laser to heat the 15 device, the vessel may include at least one port fabricated
from a material substantially transparent to a laser beam,
Workpiece from a ?rst surface, While the nanotool of the
alloWing the Workpiece to be targeted by the laser Without
invention is used to remove material from the obverse

introducing the laser to the interior of the vessel. In such

surface of the Workpiece. The substrate may be fabricated
from materials selected from the group consisting of, but not

limited to, single-crystal quartZ, amorphous quartZ, silicon,

cases, the vessel may include at least one mirror surface in
the interior chamber to redirect the laser beam to contact and
20

and any combination thereof.
Excitation of the Workpiece to a threshold energy may be

art may be interposed betWeen the point of origin of the laser

achieved by heating. The Workpiece may be heated by
localiZed heating, by radiative heating, by conductive
heating, by resistive heating, or any combination thereof. In
one embodiment of the method of the present invention,
localiZed heating may be provided by targeting a laser beam

beam and the Workpiece surface, thereby partially prevent
25

to the conductive Workpiece (radiative heating) or in thermal
contact With the Workpiece (conductive heating), or an

to an area substantially corresponding to the pattern to be

by narroWly restricting the beam Width, or by masking the

30

35

a surface of an electrically conductive Workpiece is
provided, comprising at least one nanotube supported on an

electrically conductive base and capable of emitting an
electron beam in response to an electrical ?eld applied to the
conductive base. Thus, the nanotool Will include at least one

HeCd lasers, or HeNe lasers.
40

about 500 V to about 5 kV may be applied to the nanotool.
Avacuum of up to 10-5 torr may be applied to the nanotool
and the Workpiece to remove evaporated material. This step
alloWs WithdraWal of material removed from the surface of

the Workpiece by the nanotool using the applied vacuum

electrical current passed through the Workpiece (resistive

heating).

In still yet another aspect of the present invention, a
nanotool for removing nanoscale quantities of material from

may be used for localiZed heating of the Workpiece.
Examples include, but should not be limited to, argon lasers,
To generate the nanotool electron beam for evaporation of
material from the Workpiece, an electrical potential of from

ing contact of the laser beam With the Workpiece such that
only the unmasked portion of the Workpiece is heated. Of
course, other means for heating the Workpiece may be
included, such as a heating element in a spaced orientation

machined. Targeting of the laser beam may be accomplished
Workpiece such that only an area corresponding to the
desired pattern to be machined is exposed to the laser beam.
Such masking substances and methods are knoWn in the art.
Any suitable continuous Wave laser providing a light beam
having a Wavelength of from about 0.3 pm to about 0.7 pm

heat at least a portion of the Workpiece surface. As noted
above, a masking grid fabricated of materials knoWn in the

contact for receiving an electrical signal.
The nanotool may comprise a single nanotube supported
on the base, or may comprise a plurality of substantially
aligned nanotubes supported on the base. As noted above,
the nanotool may comprise a plurality of substantially
aligned nanotubes con?ned to one or more patterned regions
of the conductive base. As also described above, any suitable

45 nanotube may be used, such as a carbon nanotube, or a

pressure. Accordingly, no additional removal means (such as

nanotube synthesiZed from tungsten, nickel, and the like.

an inert sWeep gas) is required.
In another aspect of the present invention, a device for

Both single- and multi-Walled nanotubes may be utiliZed in

fabricating the nanotool of the present invention. Typically,

machining a nanometer-scale pattern on a surface of an

the nanotubes Will have a diameter of from about 1 to about
electrically conductive Workpiece is provided, comprising a 50 100 nanometers. The conductive base may be fabricated
vessel having a top, a bottom, and at least one side Wall
from any suitably conductive metal or polymer as described
de?ning an interior chamber to Which a vacuum of up to
above.

10'5 torr may be applied. In the interior chamber, an

Other objects and applications of the present invention

apparatus is placed, the apparatus comprising a ?rst support
for holding a conductive Workpiece, and a second support

Will become apparent to those skilled in this art from the
55

for holding a nanotool as described above in relative prox

imity to the conductive Workpieces. An electrical source is
provided for applying an electrical current to the nanotool.
The electrical source of the present device may be any
electrical source capable of creating an electrical potential
difference of at least 1 V/pm betWeen the nanotool and the

illustration of the modes currently best suited to carry out the
invention. As it Will be realiZed, the invention is capable of
other different embodiments and its several details are
60

Workpiece. As described above, applying this electrical
current creates an electrical potential difference betWeen the
nanotool and the Workpiece to cause an electron beam to

emit from the nanotool and strike the conductive Workpiece
surface, evaporating material therefrom. The device of the
present invention may further include a heater for heating at

folloWing description Wherein there is shoWn and described
a preferred embodiment of this invention, simply by Way of

capable of modi?cation in various, obvious aspects all
Without departing from the invention. Accordingly, the
draWings and descriptions Will be regarded as illustrative in
nature and not as restrictive.

65

BRIEF DESCRIPTION OF THE DRAWING

The accompanying draWing incorporated in and forming
a part of the speci?cation illustrates several aspects of the

US 6,660,959 B2
5

6

present invention and, together With the description, serves
to explain the principles of the invention. In the drawing:

EXAMPLE 1

In one aspect of the present invention, a device 10 for

FIG. 1 schematically illustrates the device for nanoma

machining a nanometer-scale pattern on a surface of an

electrically conductive Workpiece is provided. The device of
the invention, depicted schematically in FIG. 1, comprises a

chining a conductive Workpiece of the present invention;
FIGS. 2a—2c schematially illustrate use of radiative heat

vessel 20 having a top 22, a bottom 24, and at least one side
Wall 26 de?ning an interior chamber 28. Avacuum pump 30
for applying a suitable vacuum is also included, in ?uid
communication With the interior chamber 28 via a hose 31.

ing (2a), conductive heating (2b), and resistive heating (2c)
to excite a Workpiece to a threshold energy;

FIGS. 3a—3b schematically illustrate a pattern nanoma
chined in a conductive Workpiece by movement of a nano

tool (3a) or of the Workpiece (3b);

10

FIGS. 4a—4c illustrate alternative embodiments of a nano

tool: FIG. 4a shoWs a nanotool comprising a spaced array of

electrochemically sharpened tungsten Wires supported by a
silicon ferrule, each sharpened Wire tip having a nanotube
attached thereto; FIG. 4b shoWs a nanotool comprising a
forest of substantially aligned nanotubes attached to a con
ductive base; FIG. 4c shoWs a nanotool comprising substan

15

to form a de?ned pattern; and

20

25

are illustrated in the accompanying draWing.

the Workpiece 38. The laser may be positioned external to
the vessel 20, Whereby the light beam 48 passes through at
least one port 50 fabricated from a material substantially
transparent to the light beam 48. A mirror 52 redirects the
light beam 48 to contact and heat at least a portion of the

DETAILED DESCRIPTION OF THE
INVENTION

Workpiece 38 surface. A focusing lens 54 is interposed
30

ing and the ability to transfer appropriate thermal energy to
a Workpiece by ?eld emission from nanotubes, the methods
and devices of the present invention employ a ?eld emission
of electrons from probes that consist of a single nanotube or
multiple nanotubes as a tool for nanoscale machining. The

The device of the present invention may further include a

heater for heating at least a portion of the Workpiece surface.
As described above, the heater is a laser 46 emitting a light
beam 48 having a Wavelength of from about 0.3 pm to about
0.7 pm, and targeted to heat at least a portion of a surface of

Reference Will noW be made in detail to the presently

In accordance With the necessities for nanoscale machin

The device 10 further includes an electrical source 44 for
applying an electrical current to the nanotool 42 via a lead

41. The nanotool 42 comprises a conductive base 43 and at

FIG. 5 is a micrograph shoWing a single nanotube sup
ported on an electrochemically etched tungsten probe.

preferred embodiments of the invention, examples of Which

held in place on the leveling support by holding chuck 37.

least one nanotube 45 supported thereby.

tially aligned nanotubes supported on a conductive base,
With the nanotubes con?ned to speci?c patterns on the base

The interior chamber 28 holds an apparatus 32, comprising
a frame 34 Which supports a leveling support 36 for holding
a conductive Workpiece 38 and a nanopositioning stage 40
for holding a nanotool 42 in relative proximity to the
conductive Workpiece 38. The conductive Workpiece 38 is

betWeen the laser 46 and port 50 to restrict the diameter of
light beam 48 as desired. Optionally, a thermal imaging
detector 56 and detector focusing lens 58 may be included
to alloW the user to monitor the progress of the nanoma

chining task.
35

machining process is conducted in a vacuum, so that

Other means for heating the Workpiece may be included
Within the vessel 20. As shoWn schematically in FIG. 2a

machined atoms are conveyed aWay from the Workpiece by

such means may include a heating element 60 in a spaced

the pressure gradient Within the vacuum chamber.
The nanotool of the present invention comprises a ?eld
emitter comprising at least one carbon nanotube supported

orientation to the conductive Workpiece 38 (radiative
heating). The heating element 60 may also be in thermal
contact With the Workpiece 38 (conductive heating), such as

40

on a conductive substrate. In one embodiment, a single

nanotube may be supported by a conductive probe, for
example a conical conductive probe. In another
embodiment, a regular array of nanotubes may be supported
on a conductive substrate. In yet another embodiment, a 45

patterned ?eld of nanotubes, With the pattern corresponding

EXAMPLE 2

be achieved by relative motion betWeen the Workpiece and

Nanotools for removing nanoscale quantities of material

nanotool to machine a pattern, or may result from the pattern

from a surface of an electrically conductive Workpiece 38
are shoWn schematically in FIGS. 3a—3c. The nanotool 70
comprises at least one nanotube 45 supported on an electri
cally conductive conical base 43 and includes at least one
contact 72 for receiving an electrical signal. FIG. 3a illus

of nanotubes employed Without relative motion betWeen
Workpiece and nanotool. Relative motion betWeen the Work
piece and the nanotool may be achieved by any of a number
of means knoWn in the art for moving an object in nanometer
55

trates the nanotool 70 supported by a nanopositioning stage
(not shoWn) for translating the nanotool 70 relative to a
Workpiece 38 to nanomachine a pattern 74 in the Workpiece
38. FIG. 3b illustrates a Workpiece 38 supported by a

60

piece 38 relative to the nanotool 70 to nanomachine a pattern

The nanotool may be supplemented With additional
energy sources to reduce the amount of energy needed to

remove material from the Workpiece, thereby reducing the
strain on the ?eld emitting nanotool and increasing the life
expectancy thereof. The supplemental energy may be sup
plied by any of a number of knoWn means, such as resistive

nanopositioning stage (not shoWn) for translating the Work
78 in the Workpiece 38. A micrograph shoWing a single
nanotube supported by an electrochemically etched tungsten

(Coulomb) heating Within the Workpiece, radiative heating
from a separate heater proximal to the Workpiece, conduc
tive heating from a separate heater in thermal contact With

the Workpiece, or local heating, for example provided by a
laser beam focused onto at least a portion of the Workpiece.

another embodiment, the electrical current provided by
electrical source 44 (FIG. 1) may also provide resistive
heating as it passes through the Workpiece 38. An example
of this con?guration is shoWn schematically in FIG. 2c,
Wherein contacts 64, 66, 68 supply current to the Workpiece
38 from electrical source 44.

to the pattern to be machined into the Workpiece, may be
supported over a conductive substrate. Nanomachining may

increments, such as by using nanopositioning stages
employing pieZo actuators and ?exural bearings.

through a holding chuck 62 as shoWn in FIG. 2b. In yet

probe si shoWn in FIG. 5.
65

EXAMPLE 3
FIG. 4a illustrates an alternative embodiment of a nano

tool 80. The nanotool 80 comprises a silicon ferrule 82 for

US 6,660,959 B2
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supporting a spaced array of electrochemically sharpened

and Eb. The Threshold Speci?c Processing Energy (TSPE),
6, is the energy density (J/m3) necessary for removing

tungsten Wires 84 Which serve as conductive bases. The

material. Although energy depends upon pulse duration and
siZe, a reasonable estimate is given for the density in by the

sharpened Wires 84 support individual nanotubes 45.
EXAMPLE 4

equation 6=(Eb+ES) NA/v [J/m3], Where e=TSPE for Atomic
Material Removal (J/atom), Eb=Lattice Bonding Energy,
[J/atom], ES=Surface Barrier Energy, [J/atom],
NA=Avogadros’ number=6.022><1023 [atoms/mol], and

Nanotools 86, 88 for removing nanoscale quantities of
material from a surface of an electrically conductive Work

piece 38 are shoWn schematically in FIGS. 4a and 4b. The
nanotools 86, 88 comprise a plurality of nanotubes 45

supported on an electrically conductive, substantially planar

v=Molar Volume of Workpiece Material [m3/mol].
10

base 90. FIG. 4b demonstrates a nanotool 88 substantially as
shoWn in FIG. 4a, Wherein the nanotubes 45 are con?ned to

MJ/m3 is necessary for processing at the atomic scale. As an

predetermined regions of the base 90 to form a desired

pattern. It Will be appreciated these this nanotool con?gu
rations alloW the user to nanomachine a pattern into a 15

Workpiece 38 Without the need for moving either Workpiece

high vacuum but still requires about 1.6><10_2O J/atom. The
20

comprising the steps of placing a nanotool in substantial
proximity to the conductive Workpiece surface, creating an
electrical potential difference betWeen the nanotool and the
Workpiece surface to cause an electron beam to emit from

the nanotool and strike the conductive Workpiece surface,
resulting in evaporation of nanoscale quantities of material
from the Workpiece surface, and applying a vacuum to
remove evaporated material from the Workpiece surface.
To achieve nanoscale machining of a Workpiece, Which is
the removal of material near the atomic scale (1 nm—100

nanotubes as a source of energy With nanoscale resolution

total energy necessary for removing a single Fe atom in a
vacuum is therefore about 1.1><10_19 J/atom, Which is con

servatively just less than 10 eV per atom. In the present

invention, the TSPE for nanoscale machining (<10 eV) is
delivered to the surface of the Workpiece by electron ?eld
25 emission from at least one nanotube.

Zhu et al. (Zhu, W., C. et al., “Large Current Density from
Carbon Nanotube Field Emitters”. Applied Physics Letters.
V. 75, N. 6. Aug. 9, 1999. p. 873—875, incorporated herein
30

nm), energy must be concentrated spatially With nearly
atomic resolution and also suf?cient to break bonds in
crystal lattices, to alloW atoms or clusters of atoms arranged
Within the crystal lattice to be removed. If the energy is too
excessive, then nearby atoms Will also be effected and
nanoscale resolution cannot be attained. Therefore, to
achieve nanoscale machining, energy should be Within spe
ci?c limits and spatially controlled to attain patterns. This
invention employs electron beams emitted from carbon

example, the lattice bonding energy for Fe is about Eb=1.6><
10-2O J/atom. The surface barrier energy is of comparable
magnitude and is knoWn to be about 6.9><10_2O J/atom for
iron in helium. In addition, some surplus energy is necessary
for pulling the atom from the surface; this is easier Within a

38 or nanotool 86, 88 relative to one another.

In another aspect, as described above the present inven
tion provides a method for machining a nanometer-scale
pattern on a surface of an electrically conductive Workpiece,

Using the method and device of this invention, material is
removed at length scales betWeen 1 nm and 100 nm. Based
on the above calculations, a TSPE on the order of 103 to 105

by reference) reported the emission current measured as a
function of applied voltage and gap distance betWeen a
nanotube-based ?eld emitter and a Mo anode (10 pm—300
pm). The ?eld emitter of Zhu et al. produced a current of 0.4
mA at 3 kV and 0.7 mA at 4 kV. Table 1 summariZes the
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range of poWer input to the emitter reported by Zhu et al.
This table demonstrates that the range of poWer depends
upon the emission conditions and varied betWeen 1 mW and

2.8 W. Furthermore, the steady-state heat transferred into the
Mo anode matches the electrical poWer input to the system
40

at the 4 kV emission condition. This suggests that the
cumulative heat transmitted to the Mo anode by ?eld emis
sion Was approximately 2.8 W. In this case, it is likely that

and manufactures patterns by either patterning the nanotubes

entire ?eld emission Was dominated by one or tWo CNTs.

or relative motion betWeen the Workpiece and nanotubes.
An estimate of the minimum necessary energy for remov
ing atoms or clusters of atoms may be obtained by consid

Therefore, the heat transferred to the Mo anode is about 0.5
W per CNT

ering the fundamental thermodynamics of removing atoms
from a Workpiece surface (Taniguchi, N. et al., Energy-Beam
Processing of Materials. Oxford University Press. NeW
York. 1989, incorporated herein by reference). The internal

45

Table 1
Power Transmitted from SWNT Emitter to M0 Anode

energy, U, of an atom in a solid’s crystal lattice is the sum 50

of the Gibbs free energy, G, thermal energy, H, kinetic
energy, Ek, and elastic strain energy, E.
The HelmholtZ free energy, F, is the sum of the Gibbs
energy, G, and the elastic energy, Ee. F varies With the
displacement, x, of the atom aWay from its equilibrium
position in the crystal lattice. The Gibbs free energy is the

55

Point

Distance

Field

1
2
3
4
5

~13 [um
~50 ,um
~135 ,um
~50 ,um
Not

19
20
14
60

Reported

Reported

V/Mm
V/Mm
V/Mm
V/Mm
Not

Voltage

Current

250
1000
1900
3000
4000

5
60
100
400
700

V
V
V
V
V

,uA
,uA
,uA
,uA
,uA

Power
1 mW
60 mW
190 mW
1.2 W
2.8 W

energy of the atom When x and E6 are Zero, and therefore

We have shoWn (Wong et al., “Modeling of Energy Transfer

corresponds to the minimum HelmholtZ free energy of the

in Field Emission of Carbon Nanotubes,” presented at the
8th AIAA/ASME Joint Thermophysics and Heat Transfer

atom at its lattice site.
To remove material at the atomic scale, atoms must be

60

Conference, St. Louis, Mo., 2002, incorporated herein by

displaced from their equilibrium lattice position and

reference) that if electron energy emitted by a single CNT is

extracted from the surface of the Workpiece. The energy of

about 0.5 W, that the temperature of a volume of 40 nm
diameter and 50 nm deep in a thin gold ?lm heats above its
melting temperature Within about 1 msec.
The electric ?eld potential established to cause the elec
tron beam to emit from the nanotool Will typically be at least
1 V/pm. The nanotool may comprise at least one nanotube

the atom must be increased until it exceeds the HelmholtZ

free energy at the surface (G+Eb), by the surface barrier
energy, E, (Eb is lattice bonding energy) as illustrated by a
dashed line in FIG. 4. Therefore, the minimum energy for
breaking the atom out of the crystal lattice is the sum of E5
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supported on an electrically conductive base Whereby the
beam Will strike the workpiece at the desired site. As
described above, the nanotool may comprise a single nano
tube supported by an electrically conductive base, or may

base. A pattern of Fe nanoparticles is deposited on the

substrate to catalyZe the groWth of aligned multi-Walled
nanotubes thereon, Wherein the nanotube groWth is con
trolled to provide a diameter of substantially 50 nm. The
process for in situ groWth of multi-Walled nanotubes of
controlled diameter and length is described in AndreWs et

comprise a plurality of substantially aligned nanotubes sup
ported on the base. The plurality of nanotubes may be
con?ned to one or more patterned regions of the electrically
conductive base. It Will be appreciated that for many appli
cations this feature obviates the need to move either Work
piece or nanotool relative to one another to machine the

corresponding pattern into the Workpiece.

al., Chemical Physical Letters, Vol. 303, 1999, pp. 467—474,
incorporated by reference. The nanotool is placed on a
10

Nanotubes suitable for the present invention include car

deposited on a single-crystal quartZ base is placed on the

bon nanotubes. HoWever, it Will be appreciated that any
substance capable of forming a nanotube for emitting an
electron beam in response to an electrical ?eld may be used,
such as tungsten, nickel, and the like. The nanotubes of the
present invention may be single-Walled or multi-Walled
nanotubes, and typically have a diameter of from about 1 to
about 100 nanometers.
The nanotool conductive base may be fabricated from any

suitably electrically conductive metal or polymer, including

leveling support, and held in place using a holding chuck.
15

20

but not limited to materials selected from the group con

The nanotool is placed in proximity to the desired locus to
be machined using the nanopositioning stage, and a vacuum
of 10'5 Torr is applied to the nanomachining device. An
argon laser is targeted to the site to be machined (passing
through the crystal quartZ base to strike the surface of the

gold Workpiece obverse to the surface being nanomachined),
and heats only the surface of the Workpiece immediately
contiguous to the locus to be machined to provide a thresh

old energy (just beloW the melting temperature of gold, i.e.
Tm=1336
Aelectrical potential of 1 kV is applied to the
nanotool, thereby creating an electrical ?eld of 1 V/pm

sisting of silicon nitride, titanium nitride, tungsten carbide,
tantalum nitride, porous silicon, nickel, cobalt, gold,
aluminum, polycrystalline diamond, and any combination
thereof.

nanopositioning stage employing pieZo actuators and Hex
ural bearings.
A Workpiece, comprising a thin ?lm (5 microns) of gold

25

Numerous means for attaching a nanotube to a conductive

base as described herein are knoWn in the art, and suitable

betWeen the nanotool and Workpiece, and an electron beam
penetrating to a depth of 1 nm (approximately 5 atoms depth
evaporation). The nanotool is moved to generate the desired

example, the nanotubes may be groWn in situ on the con

pattern, substantially as depicted schematically in FIG. 3a.
The foregoing description of a preferred embodiment of

ductive base by the steps of: (a) depositing a suitable catalyst
particle on the conductive substrate, and (b) exposing the

the invention has been presented for purposes of illustration

catalyst particle to a carbon-containing gas at a temperature

the invention to the precise form disclosed. Obvious modi
?cations or variations are possible in light of the above
teachings. The embodiment Was chosen and described to
provide the best illustration of the principles of the invention
and its practical application to thereby enable one of ordi
nary skill in the art to utiliZe the invention in various

for fabricating the nanotool of the present invention. For

and description. It is not intended to be exhaustive or to limit

sufficient to cause one or more carbon nanotubes to groW or

self-assemble from the catalyst particle in a substantially
perpendicular orientation to the substrate. The carbon nano
tubes may also be groWn in situ from suitable catalyst

35

particles deposited only on selected patterned regions of the
conductive substrate. Examples of methods for fabricating
microscale patterns of vertically aligned carbon nanotubes

embodiments and With various modi?cations as are suited to

the particular use contemplated. All such modi?cations and

for use as ?eld emitters are disclosed in the folloWing

publications, all of Which are incorporated herein by refer
ence: Collins and Zettl, “A Simple and Robust Electron
Beam Source from Carbon Nanotubes”, Applied Physics

40

mined by the appended claims When interpreted in accor
dance With the breadth to Which they are fairly, legally and

equitably entitled.

Letters, Vol. 69, Sep. 23, 1996, pp. 1969—71; Wang et al., “A
Nanotube-based Field Emission Flat Panel Display”,

Applied Physics Letters, Vol. 72, Jun. 1, 1998, pp. 2912—13;

variations are Within the scope of the invention as deter
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Choi et al., “Patterned GroWth and Field Emission Proper

What is claimed is:
1. A method for machining a nanometer-scale pattern on
a surface of an electrically conductive Workpiece, compris

ing the steps of:

ties of Vertically Aligned Carbon Nanotubes”, Diamond and
Related Materials, Vol. 10, 2001, pp. 1457—64; Huang et al.,

a) placing a nanotool in substantial proximity to said

conductive Workpiece surface, said nanotool compris

“Patterned GroWth and Contact Transfer of Well-aligned

ing at least one nanotube supported on an electrically

Carbon Nanotube Films, J. Phys. Chem., Vol. 103, 1999, pp.
4223—27.
It is also knoWn to attach nanotubes to a conductive base

conductive base;
b) creating an electrical potential difference betWeen said

using arc discharge to “spot-Weld” the nanotube in place,
and to groW panels of aligned carbon nanotubes at relatively
loW temperatures by plasma-enhanced hot ?lament chemical

to emit from the nanotool, striking the conductive
Workpiece surface and evaporating material from said

nanotool and said Workpiece to cause an electron beam
55

conductive Workpiece surface; and

vapor deposition, using iron nanoparticle catalysts deposited

c) applying a vacuum to said Workpiece and said nanotube
to remove said evaporated material from said Work

on nickel-coated glass (Stevens et al., “Carbon nanotubes as

probes for atomic force microscopy”, Nanotechnology Vol.
11, pp. 1—5, 2000; Ren et al., “Synthesis of Large Arrays of
Well-Aligned Carbon Nanotubes on Glass, Science, Vol.

piece surface.
60

2. The method of claim 1, including the step of exciting
said Workpiece to a threshold energy prior to contacting said
Workpiece With said electron beam.
3. The method of claim 1, Wherein said Workpiece or said

282, pp. 1105—1107; both incorporated by reference). These
latter methods may also be used to fabricate the nanotool of

the present invention.

nanotool are moved relative to one another to remove

EXAMPLE 5

A nanomachining device, substantially as described in
Example 1, is constructed using a tungsten Wire conductive

65

material from the Workpiece in the desired pattern.
4. The method of claim 1, Wherein said electric ?eld
potential is at least 1 V/pm.

US 6,660,959 B2
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5. The method of claim 1, wherein said conductive

b) in said interior chamber, an apparatus comprising
a ?rst support for holding a conductive Workpiece;
a second support for holding a nanotool in relative
proXimity to said conductive Workpiece, said nano
tool comprising at least one nanotube supported on

workpiece is fabricated from a metal or a conductive poly
mer.

6. The method of claim 5, Wherein said conductive
Workpiece is fabricated from materials selected from the

an electrically conductive base; and

group consisting of aluminum, copper, silver, gold,
polymethylmethacrylate, and any combination thereof.
7. The method of claim 1, Wherein said nanotool includes
a plurality of substantially aligned nanotubes supported on
said electrically conductive base.
8. The method of claim 7, Wherein said plurality of

c) an electrical source for applying an electrical current to
said nanotool to create an electrical potential difference
betWeen the nanotool and the Workpiece to cause an

nanotubes are con?ned to one or more patterned regions of

27. The device of claim 26, further including a heater for
heating at least a portion of said Workpiece surface.
28. The device of claim 26, Wherein said interior chamber

electron beam to emit from the nanotool and strike said

conductive Workpiece surface.

said electrically conductive base.
9. The method of claim 1, Wherein said nanotube is a
carbon nanotube.
10. The method of claim 9, Wherein said carbon nanotube
is a single-Walled carbon nanotube.
11. The method of claim 9, Wherein said carbon nanotube

15

transparent to a laser beam.

30. The device of claim 26, Wherein said ?rst support is

is a multi-Walled carbon nanotube.

12. The method of claim 1, Wherein said nanotube has a
diameter of from about 1 to about 100 nanometers.
13. The method of claim 1, Wherein said conductive base
is fabricated from an electrically conductive metal or poly

is capable of sustaining a vacuum of up to 10'5 torr.
29. The device of claim 26, Wherein said vessel includes
at least one port fabricated from a material substantially

20

a leveling support for holding said conductive Workpiece.
31. The device of claim 26, Wherein said second support
is a nanopositioning stage for translation of said nanotool in
nanometer increments.

32. The device of claim 27, Wherein said heater heats said

mer.

14. The method of claim 13, Wherein said conductive base

25

Workpiece surface by localiZed heating, by radiative heating,

is fabricated from materials selected from the group con

by conductive heating, by resistive heating, or any combi

sisting of silicon nitride, titanium nitride, tungsten carbide,
tantalum nitride, porous silicon, nickel, cobalt, gold,
aluminum, polycrystalline diamond, and any combination

nation thereof.
33. The device of claim 32, Wherein said localiZed heater
is a laser emitting a light beam targeted to heat at least a

thereof.

30

deposited as a thin ?lm on a substrate.

16. The method of claim 15, Wherein said thin ?lm has a
depth of up to 5 microns.
17. The method of claim 15, Wherein said substrate is

portion of the Workpiece surface.
34. The device of claim 33, further including a masking
grid interposed betWeen a point of origin of said laser beam

15. The method of claim 1, Wherein said Workpiece is

and the Workpiece surface, said masking grid partially

fabricated from a material substantially transparent to a laser
beam.

preventing contact of the laser beam With the Workpiece
such that only the unmasked portion of the Workpiece is
heated.
35. The device of claim 33, Wherein the laser is placed

18. The method of claim 17, Wherein said substrate is
fabricated from materials selected from the group consisting

passes through said port to heat at least a portion of the

of single-crystal quartZ, amorphous quartZ, silicon, and any

35

near an exterior of said vessel such that the laser beam
40

Workpiece surface.
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36. The device of claim 35, further including at least one
mirror surface in the interior chamber to redirect the laser
beam to contact and heat at least a portion of the Workpiece
surface.
37. The device of claim 33, Wherein said laser is a
continuous Wave laser providing a light beam having a
Wavelength of from about 0.3 pm to about 0.7 pm.
38. The device of claim 32, Wherein said radiative heater
is a heating element in a spaced orientation to said conduc

combination thereof.

19. The method of claim 2, Wherein said Workpiece is
eXcited to said threshold energy by heating.
20. The method of claim 19, Wherein said Workpiece is

heated by localiZed heating, by radiative heating, by con
ductive heating, by resistive heating, or any combination
thereof.
21. The method of claim 20, Wherein said localiZed
heating is provided by targeting a laser beam to an area

tive Workpiece.

substantially corresponding to the pattern to be machined.
22. The method of claim 21, Wherein said targeting is
achieved by masking said Workpiece such that only an area
corresponding to the desired pattern to be machined is
eXposed to the laser beam.
23. The method of claim 21, Wherein said laser is a
continuous Wave laser providing a light beam having a
Wavelength of from about 0.3 pm to about 0.7 pm.
24. The method of claim 1, Wherein a vacuum of up to

10'5 torr is applied to said nanotool and said Workpiece.
25. The method of claim 1, Wherein an electrical potential
of from about 500 V to about 5 kV is applied to said
nanotool.
26. A device for machining a nanometer-scale pattern on
a surface of an electrically conductive Workpiece, compris
mg:
a) a vessel having an interior chamber to Which a vacuum

may be applied;

39. The device of claim 32, Wherein said resistive heater
comprises an electrical current passed through said conduc

tive Workpiece.
55

40. The device of claim 32, Wherein said conductive
heater is a heating element in substantial thermal contact

With said conductive Workpiece.
41. The device of claim 26, Wherein said electrical source
creates an electrical potential difference of at least 1 V/pm
60

betWeen said nanotool and said Workpiece.
42. A nanotool for removing nanoscale quantities of
material from a surface of an electrically conductive

Workpiece, comprising:
at least one nanotube supported on an electrically con

ductive base and capable of emitting an electron beam
in response to an electrical ?eld applied to said con

ductive base; and
at least one contact for receiving an electrical signal.

US 6,660,959 B2
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43. The nanotool of claim 42, comprising a plurality of
substantially aligned nanotubes supported on a conductive
base.
44. The nanotool of claim 43, comprising a plurality of
substantially aligned nanotubes con?ned to one or more 5

patterned regions of said conductive base.
45. The nanotool of claim 42, Wherein said nanotube is a
carbon nanotube.
46. The nanotool of claim 45, Wherein said carbon nano
tube is a single-Walled carbon nanotube.
10
47. The nanotool of claim 45, Wherein said carbon nano
tube is a multi-Walled carbon nanotube.

48. The nanotool of claim 42, Wherein said nanotube has
a diameter of from about 1 to about 100 nanometers.

49. The nanotool of claim 42, Wherein said conductive
base is fabricated from an electrically conductive metal or

polymer.
50. The nanotool of claim 49, Wherein said conductive
base is fabricated from materials selected from the group

consisting of silicon nitride, titanium nitride, tungsten
carbide, tantalum nitride, porous silicon, nickel, cobalt, gold,
aluminum, polycrystalline diamond, and any combination
thereof.

